RAP was associated with less initial postoperative pain (p 5 .036) and higher satisfaction with scar cosmesis (p 5 .002) until 6 months. Quality of life (QOL) improved in both groups (p 5 .007). Conclusion. RAP provides superior early cosmesis with equivalent global health improvement compared to FLP. The high cost and learning curve may preclude widespread adoption. Further evaluation is necessary to establish its clinical efficacy regarding scar cosmesis.
INTRODUCTION
Primary hyperparathyroidism (PHPT) is the third most common endocrine disorder after diabetes mellitus and osteoporosis. 1 Although the exact incidence is unknown, its prevalence is estimated at between 1 to 4 of 1000 with a 3:1 female to male ratio. 2 Approximately 80% of PHPT are due to a solitary parathyroid adenoma. Multigland disease in the form of multiple adenomas or parathyroid hyperplasia accounts for the remaining cases. 2, 3 Surgery remains the only definitive cure for PHPT and this has changed considerably since Felix Mandel performed the first successful parathyroidectomy in 1925. 3, 4 Over the decades, the surgical approach evolved into a standardized exploration of the neck via a "collar" incision. The objective has been to identify all the parathyroid glands, leaving the normal glands in situ and removing the diseased gland or glands. In the past 3 decades, there has been a significant improvement in the accuracy of preoperative localization studies. The reliable identification of a parathyroid adenoma has created the right background for a targeted surgical approach making targeted parathyroidectomy a well-established approach in the 65% of patients with localized single-gland pathology. 5 A variety of targeted, minimal access techniques have been described. Despite numerous options, no single technique is established as demonstrably superior. 6 However, the focused lateral parathyroidectomy (FLP) is the most widely adopted because of its simplicity and the lack of requirement for any additional equipment while offering cure and complication rates equivalent to both the conventional and other minimal access techniques. [7] [8] [9] Advantages over the former include reduced operating times, smaller scars, shorter hospital stays, and less postoperative analgesic requirement. 10 More recently, the endoscopic "scar-less in the neck" approach has been described. Studies suggest that avoiding a neck scar improves patient satisfaction. [11] [12] [13] However, this approach has not been widely adopted because of limitations associated with the endoscopic platform. These include suboptimal depth perception because of a 2D view and restricted instrument movement because of the narrow working space.
The dual-channel endoscope permits image magnification with the additional benefit of a 3D view of the operative field and superior depth perception compared to conventional endoscopy. The console surgeon controls 5 mm "wristed" instruments. This allows precise tissue manipulation within the confined space of the anterior neck compartment. The tremor filtering and motion scaling features enhance surgical dexterity. 16 Feasibility studies of robotic-assisted parathyroidectomy (RAP) using an infraclavicular 5 or transaxillary approach have been reported. 17, 18 However, the clinical efficacy of this approach compared to conventional targeted parathyroidectomy is not established. Therefore, the purpose of this study was to compare the outcome of RAP and FLP. The objective was to establish whether RAP conferred any additional benefit.
MATERIALS AND METHODS

Ethical approval
The study received favorable approval from the National Health Service Health Research Authority (National Research Ethics Service Committee London, Protocol Reference Number: 08/H0721/97). The selection criteria were the same for both patients who underwent FLP and RAP, as described below. Both approaches were offered to all patients who met those criteria and the first 15 patients that opted for FLP were compared with the first 15 that opted for RAP. This was done to minimize differences between the groups (eg, age, body mass index [BMI] , and localization) other than the approach used, in view of the lack of randomization.
Study design
Selection criteria
Criteria included a biochemical diagnosis of PHPT because of a single parathyroid adenoma on imaging. Triple modality concordant localization using ultrasonography, sestamibi, and single-photon emission CT was a prerequisite to be considered for study inclusion. The diagnosis required an albumin-adjusted serum total calcium >2.60 mmoll 21 on repeat samples, with an elevated parathyroid hormone (PTH) of >6.8 pmoll 21 taken concurrently. Interfering medications, such as thiazide diuretics or lithium, were discontinued before testing. Familial hypocalciuric hypercalcemia was excluded by measuring 24-hour urine calcium levels. All patients had a 24-hour urine calcium >5 mmol, and/or a 24-hour urine calcium/creatinine clearance ratio >0.01. Patients with a family history of PHPT or associated endocrine conditions, evidence of thyroiditis or bulky thyroid disease, and/or previous neck surgery or irradiation were not eligible for inclusion in this study.
Patients
Thirty patients were recruited. The patient demographics, BMI, biochemical data, and radiological localization of the parathyroid adenoma are summarized in Table 1 .
Treatment allocation
The selection of a robotic versus a conventional approach was based upon patient preference (see Study design). Both approaches were offered to all patients. All RAP cases were performed by the same console and bedside surgeon (N.S.T. and A.A., respectively). FLP was performed by 1 of 2 senior surgeons (N.S.T. and F.P.) scrubbed in with an assistant surgeon (A.A.). Both senior surgeons were experienced with FLP each having performed over 300 cases.
Surgical technique
Robotic-assisted parathyroidectomy. The surgical approach has been described in detail in a previous publication. 5 The robotic arm is maintained in the neutral position. An infraclavicular incision is made ipsilateral to the adenoma. The exact position of the incision depends on body habitus and patient preference. It is drawn with the patient awake to ensure it is concealed even when wearing low-cut tops. Dissection proceeds through the natural dehiscence between the sternal and clavicular insertions to expose the internal jugular vein, common carotid artery, and ipsilateral omohyoid and sternohyoid muscles. A self-retaining (Chung or Imperial) retractor is used to maintain sufficient working space and 2 additional 5-mm trocar incisions are made in the anterior axillary line. Again, the exact positions vary. Most commonly, the first stab incision is made at the superior part of that line at the level of the pectoralis major tendon with the lower being made about 4 cm below. If body habitus permits, the 5 mm inferior trocar is inserted via an ipsilateral periareolar incision instead (see Figure 1 ). The remaining dissection is performed with the da Vinci robot. Drains are not inserted.
Focused lateral parathyroidectomy. The technique described by Agarwal et al 19 was used. An ipsilateral mini cervicotomy is made over the anterior border of the sternocleidomastoid muscle at a level depending on the position of the adenoma. The subplatysmal flaps are raised via sharp and blunt dissection. Dissection is performed lateral to the strap muscles to obtain access to the posterolateral thyroid lobe. After excision of the parathyroid adenoma and hemostasis, closure is achieved in a 2-layer format. No drains are used.
Outcome measures and follow-up
The success of the procedure was determined biochemically with normalization of the albumin-adjusted serum total calcium and PTH levels after surgery and by histopathological confirmation of the presence of hypercellular parathyroid tissue in the excised lesion.
Patient-reported outcome measures included prospective assessment of scar cosmesis, pain, voice disability, and global health using validated assessment tools. Scar cosmesis was assessed using a 0 to 100 visual analog scale (VAS), in which 100 represented "completely satisfied." Pain was assessed using a 0 to 100 VAS, in which 100 represented "worst imaginable pain." The pain management was the same in both groups. All patients were given regular oral acetaminophen 1 g every 6 hours and ibuprofen 400 mg every 8 hours. Voice satisfaction was rated using the Voice Handicap Index-2 questionnaire. Moreover, all patients had preoperative and postoperative laryngoscopy. Global quality of life (QOL) was assessed using the EuroQOL-5D questionnaire assessment tool that comprises a descriptive system and EuroQOL-visual analog scale. The former comprises 5 dimensions: mobility, self-care, usual activities, pain or discomfort, and anxiety or depression. Each is self-rated as 1 5 no problems, 2 5 some problems, and 3 5 severe problems. The EuroQOL-visual analog scale is a 0 to 100 scale in which 100 represented "best imaginable health state."
Statistical analysis
The 2 groups were compared regarding the patients' characteristics, intraoperative findings, and postoperative results using chi-square test (categorical variables) or
Mann-Whitney and Wilcoxon test (continuous variables).
A logarithmic regression model was used to evaluate the robotic learning curve for the time taken to perform the robotic procedure. The comparisons were performed using SPSS software version 21.0 (SPSS, Chicago, IL). Statistical significance was accepted when p < .05.
RESULTS
Patients
The RAP and FLP groups were matched in terms of age (58. 8 
Operative data
The mean incision length for the robotic approach was 3.9 cm, whereas for the open approach it was 3.6 cm (p 5 .293). The parathyroid adenoma was successfully identified and removed in all cases. Pathological evaluation of the excised specimen confirmed hypercellular parathyroid tissue. The mean blood loss was 9.9 6 3.9 mL in the robotic group and 11.6 6 2.6 mL in the conventional group (p 5 .056). One RAP case was converted to an open procedure because ). The mean operative time was significantly higher for RAP compared to FLP (119 minutes vs 34 minutes, respectively; p 5 .001). In the robotic cohort, a clear learning curve was demonstrated (see Figure 2) . Logarithmic regression analysis (excluding the 1 conversion) revealed a progressive reduction in operating time from 190 minutes to 57 minutes (R 2 5 0.436; p 5 .01).
Biochemistry
The postoperative biochemical data, intraoperative localization findings, and histopathological dimensions are shown in Table 2 . The mean biochemical follow-up was 27 6 12.2 months. There was no difference in the cure rate between groups (p 5 .543). In the robotic cohort, initial normalization of PTH and adjusted serum calcium levels occurred in 13 patients. The remaining 2 patients had persistent hyperparathyroidism because of 4-gland hyperplasia not detected on the initial localization imaging. Further surgery involving bilateral neck exploration cured them. In the FLP group, adjusted serum calcium and PTH normalized postoperatively in 14 patients. One patient had persistent hyperparathyroidism but declined further investigation or treatment. The remaining 29 patients were normocalcemic at latest follow-up (minimum 12-month timeframe after surgery).
Postoperative complications
One postoperative complication occurred in the robotic cohort (RAP case 11). A superficial wound infection was treated with oral antibiotics (co-amoxiclav) with no adverse clinical outcome.
Patient-reported outcome measures
Patients were followed up after surgery for a mean period of 24.8 6 14 months. Postoperative pain at 2 weeks was significantly less for patients in the RAP group compared to those in the FLP group (6.43 6 9.7 vs 24.33 6 24.1, respectively; p 5 .036). Regarding scar cosmesis, the mean VAS score was significantly higher for the robotic group compared to the FLP group at 3 months (91. 3 Figure 3 ). There was no difference in global QOL between the groups (see Figure 4) , which significantly improved up to 1 year after surgery in both groups (p 5 .007 for the RAP group and p 5 .043 for the FLP group; see Figure 5 ). All patients had preoperative and postoperative laryngoscopy. Postoperative laryngoscopy was performed on the first postoperative day and confirmed normal vocal cord mobility in all patients (n 5 30). Significant voice disability was not reported after surgery using the Voice Handicap Index-2 questionnaire. All patients were discharged within 24 hours.
DISCUSSION
Targeted parathyroidectomy is a popular surgical option for PHPT when the abnormal parathyroid gland has been FIGURE 1. Incisions for right robotic-assisted parathyroidectomy marked in red. All incisions are ipsilateral. Exact positions can vary as they depend on body habitus and patient preference. The infraclavicular incision is drawn with the patient awake to ensure it is concealed even when wearing low-cut tops. The first stab incision is made at the superior part of the anterior axillary line at the level of the pectoralis major tendon with the lower made about 4 cm below. If body habitus permits, the 5 mm inferior trocar is inserted via an ipsilateral periareolar incision instead, as indicated. localized. RAP has been shown to be feasible and safe. 5, 17, 18 To the best of our knowledge, this is the first study to compare RAP with another targeted approach.
A learning curve was observed for RAP and this phenomenon is well-described in other surgical fields. 20 RAP takes considerably longer than FLP even when the learning curve is accounted for. As with all appropriately performed parathyroidectomy techniques, blood loss was negligible. Recurrent laryngeal nerve identification, a key principle of parathyroid surgery, was easily achieved because of the magnified 3D visualization afforded by the dual-channel endoscope. There were no short-term complications, such as recurrent laryngeal nerve palsy, bleeding, or hypocalcemia. One wound infection did occur in the RAP group that resolved with oral antibiotics. Persistent PHPT occurred in both groups and is reported in approximately 5% of patients undergoing first-time surgery. 21 Persistent hyperparathyroidism is a recognized complication of a focused approach without intraoperative PTH localization and not a reflection of the robotic technique per se. 22 The high rate in this study is due to the small number of patients recruited and does not reflect our unit's numbers. The data from our unit, which are prospectively entered in the national British Association of Endocrine and Thyroid Surgeons database, reveal a 4.2% rate (ie, below the national average). The 2 of 15 cases of persistent hyperparathyroidism were due to 4-gland hyperplasia that was not evident from the initial preoperative localization imaging. Further surgery involving 4-gland exploration and subtotal (3 [1/2] gland) parathyroidectomy via a cervicotomy cured these patients. The lateral focused approach patient refused further surgery. This risk could be reduced using an intraoperative PTH assay, which was not in routine use at the time of this study. Pain was significantly lower in the RAP group at 2 weeks compared to the FLP group. Although it is difficult to account for the exact reasons as to why this may be the case, it could be that the stretching and pulling required with the small neck incision leads to that "extra initial pain," something that is not required with the robotic approach. Moreover, with the infraclavicular approach, no insufflation is required and the area of subcutaneous dissection required to raise the flap is smaller than that required when using a transaxillary approach. Interestingly, similar findings have also been reported in the literature for robotic transaxillary thyroidectomy, with patients undergoing the robotic procedure complaining of less pain than those undergoing conventional open thyroidectomy. 23 Global QOL is known to improve after parathyroidectomy. 24 The cumulative EuroQOL-5D questionnaire score showed a return to normal levels by 2 weeks. There was no significant difference between the 2 groups. Satisfaction with scar cosmesis was higher after RAP compared with FLP at 2 weeks, 3 months, 6 months, 12 months, and 24 months postoperatively. The difference was not statistically significant after 6 months.
Increased satisfaction with scar cosmesis seems to be the primary clinical advantage of RAP (see Figure  6) . 5, 17, 18 The approach could, therefore, be justified in a subset of patients with a propensity toward hypertrophic or keloid scarring and those patients where the cosmetic impact of a neck scar carries significant social stigma. 25, 26 However, the findings in this study showed no statistically significant difference in scar cosmesis between the groups beyond 6 months. Patient satisfaction with scar cosmesis after FLP is reportedly high because the neck scar is small and usually heals well, although these studies rarely report outcomes beyond 6 months. 26 In a retrospective study of 691 patients, Linos et al 27 concluded that a smaller neck incision was not associated with greater patient satisfaction. Long-term evaluation with more patients assigned to each cohort is therefore necessary to corroborate the findings of this study.
The importance of careful patient selection cannot be overemphasized. One patient (RAP case 8) required conversion to an open approach because of suboptimal surgical access owing to the patient's large body habitus (BMI 5 33.4 kg
22
). Obese patients are not good candidates for this approach because adequate exposure is more challenging. 28 In this series, a short neck, a BMI >33 kgm
, and a retroclavicular location increased the console time.
Cost is another important issue. This is high because of the initial outlay ($1.4 million), subsequent maintenance ($150,000 per annum) and consumable ($1700 per case) costs, and the significantly longer operating time incurred. 26, 29 It may be that if patients express a preference for the extracervical approach, they will have to fund such surgery. 28 Like all studies, this study had certain limitations. It was not randomized, included a relatively small sample (n 5 30), and selection bias must be acknowledged as a potential confounding factor. Nevertheless, careful patient selection is important in surgery to ensure a successful outcome. Although a relatively small number of patients were recruited, the objective of this pilot study was to compare the technique of RAP with FLP in order to create the foundation for a larger definitive clinical trial. A power calculation was therefore not performed.
Lack of randomization constitutes a limitation of surgical research in general. 29 To minimize this bias, both groups were matched in terms of mean BMI, age, sex, and pathology. There is a potential "performance" bias because 2 surgeons performed FLP, although this was minimized by using a standardized technique and both surgeons had sufficient experience to surpass the learning curve.
Despite its limitations, this study also possesses several strengths. There are only a handful of case series in the literature evaluating RAP outcomes. 5, 17, 18 Moreover, few studies have prospectively evaluated the outcome of targeted parathyroidectomy beyond 12 months. 3 Long-term follow-up is important because of the natural history of wound healing. A similar study used heterogeneous cohorts consisting of both thyroidectomy and parathyroidectomy patients. 26 In contrast, this study includes homogeneous groups with matched patients. The data were collected prospectively and assessed both surgical and patient-related outcomes. The VAS used to report scar cosmesis is validated for use in parathyroid surgery and reliably discriminates between different types of scar quality. 30 Outcome measures for pain used a VAS, which is sensitive enough to detect clinically relevant changes in pain intensity over time. 31 The mean clinical and biochemical follow-up period in this study was over 2 years, which is considerably longer than other studies. 26, 32 It is important to appreciate that RAP is not for every patient, surgeon, or hospital. Only those who have undergone necessary training, proctoring, and licensure should perform robotic surgery. Sufficient experience of parathyroid surgery is essential. The nursing team must be trained and institutions must have an appropriate sized operating room and the necessary technical support. The introduction of new robotic systems (eg, Amadeus Robotic Surgical System; Titan Medical, Toronto, Ontario, Canada, and Flex System, Medrobotics, Raynham, MA) will create much needed competition. The existing climate is a monopoly limited by high cost and the need for expensive training. 33 It remains to be seen whether these issues preclude its widespread adoption.
In conclusion, RAP offers a viable but expensive alternative to other forms of targeted parathyroidectomy in patients who want to avoid a neck scar. This study showed superior cosmesis for RAP but only up to 6 months. Larger, definitive studies are currently in progress to evaluate long-term cosmetic satisfaction. At present, RAP occupies a niche role and can only be justified in patients who have cultural or biological drivers to avoid a neck scar.
